PURPOSE. We explore the unique rheological and structural properties of human and bovine meibomian lipids to provide insight into the physical behavior of the human tear-film lipid layer (TFLL).
M eibomian lipids are the major component of the tear-film lipid layer (TFLL), the outermost portion of the tear film. Between the lipid layer and the corneal surface exists a 3-to 10-lm aqueous layer 1 containing salts, mucins, and proteins. The primary role of the aqueous tear film is to hydrate and protect the corneal surface. The lipid layer, estimated to be approximately 100-nm thick, 1,2 is a duplex film that spreads over the aqueous tear film after each blink. It is thought to reduce evaporation from the aqueous phase and to play an important role in maintaining tear-film stability. 2, 3 Tear-film instability and increased tear evaporation are major signs of dry-eye disease, an ocular surface disease that leads to discomfort and possible damage to the corneal and conjunctival epithelia. 4 Since the physical and mechanical properties of the TFLL depend on the structure of meibum, knowledge of meibum's structure is indispensable to understand the function of the TFLL in tearfilm behavior.
Produced in the meibomian glands, meibum is a holocrine secretion composed of a rich mixture of lipids and possibly cellular debris. Wax esters and cholesterol esters are the major lipid components, together making up roughly 60% to 70% of the total meibum content, with lesser amounts of diesters, triacylglycerols, polar lipids, and fatty acids making up the balance. Many of the individual chains are longer than 20 carbons, leaving lipids with one or more alkyl chains, such as wax esters, diesters, and triacylglycerols, to contain as many as 40 to 60 carbon atoms. The degree of saturation varies as well: saturated, monounsaturated, and polyunsaturated lipids are all present in meibum. [5] [6] [7] [8] Meibomian-gland secretions have also been shown to contain proteins, which could disrupt regions of ordered lipids. 9, 10 To date, most efforts at characterizing meibum have focused on chemical analysis of the secretion. Less is known about the structure and physical properties of meibum. Various authors found that meibum exhibits a broad melting range, becoming liquid near body temperature. 11 Viscosity measurements by Tiffany and Dart 12 demonstrated meibum to be viscous, although the effects of shear rate or temperature were not pursued. Borchman et al. 13 used infrared spectroscopy to characterize the molecular conformation of hydrocarbon chains in human meibum, finding that as meibum melts, hydrocarbon chains of the lipids transition from the trans to gauche rotomers. The increased disorder reduces the packing efficiency of the lipids. By using small-angle x-ray scattering (SAXS), Leiske et al. 14 observed crystalline structures in bulk human meibum. Two crystal populations were present, one melting at 348C and another persisting up to 408C. They also measured rheology of interfacial meibum films spread on water and found that the film undergoes a sharp phase transition from solidlike to liquidlike behavior below physiological temperature.
A major reason for the scarcity of information about meibum is the difficulty in obtaining large enough human samples for making measurements. Consequently, researchers often use other mammals as a source of meibum. [15] [16] [17] Nicolaides et al. 16, 17 studied the lipid composition of both steer and human meibum and found them to be similar.
In this work, we explore the bulk and interfacial properties of human and bovine meibum in an effort to understand how its structure relates to its physical properties. We explore temperature-induced transitions in the structure and mechanical properties of these meibomian lipids. Using SAXS, we detect the presence of crystal structures and observe their melt behavior. In addition, differential scanning calorimetry provides temperatures at which phase changes occur and their corresponding latent heats. We perform interfacial and bulk rheology measurements to probe how thin films and bulk samples of meibum respond to deformation over a range of shear rates and temperatures. By comparing the behavior of dispersed crystal structures to the measured mechanical properties over a range of temperatures, we gain understanding of how meibum's molecular organization contributes to its physical behavior.
METHODS

Meibomian Lipid Collection
Animal and human ethics were approved for the collection of meibomian lipids; the study was carried out in accordance with the tenets of the Declaration of Helsinki. Bovine eyelids of more than 200 animals were dissected postmortem at a slaughterhouse. The eyelids were warmed to 378C, and the meibomian lipids were extruded by hard expression of the superior and inferior eyelid margins 16, 17 with pliers, yielding an average of 3 mg per eye. The excreta were scraped from the lid margin with a metal spatula and deposited onto a small glass cover slip that was then placed in an amber jar for storage at À208C until use. The excreted fluid was a clear liquid at 378C, and became opaque and yellowish upon solidification at room temperature. The bulk rheological experiments required pooling of bovine meibum from multiple animals to generate samples large enough for analysis. Otherwise, samples from individual animals were stored and tested separately.
Twelve human-meibum samples, each less than 1 mg (i.e., five samples of 0.3-0.5 mg, four samples at 0.6-0.8 mg, and three samples between 0.8-1.0 mg), were collected from healthy, non-dry-eye, non-lens-wearing volunteers. A meibum sample was collected only when, on examination, the volunteer met the following criteria: lack of dry eye symptoms (<5) as determined by the Schein Questionnaire 18 ; minimal to absence of sodium fluorescein staining in the cornea; tear-film break-up time longer than 7 seconds; and absence of meibomian gland dysfunction (MGD) as determined by normal meibum appearance.
Meibum was expressed from the lower lids by applying pressure with a sterile cotton swab against a Mastrota paddle (Medi Instrument Inc., New York, NY). Gentle scraping of the eyelid margin with a small, degreased metal ocular spud collected secreted meibum. Samples collected from the right and left eyes of a single volunteer were pooled and transferred onto a small glass cover slip that was then placed in an amber jar. Collected samples were packed in dry ice, shipped overnight, and stored upon arrival at À208C until use. Here too, the bulk rheological experiments required pooling samples from four individuals.
Interfacial Shear Rheometry
An interfacial stress rheometer (ISR) probed the interfacial viscoelasticity of the meibomian lipids. Validation and merits of this technique are available elsewhere. 19, 20 Briefly, the ISR is a two-dimensional analogue to a classic, three-dimensional sliding-plate rheometer. It ascertains the viscoelastic properties of monolayers. Our ISR uses a KSV mini-trough (KSV NIMA/ Biolin Scientific, Espoo, Finland) coupled with a Wilhelmy balance (KSV NIMA/Biolin Scientific) and moveable barriers to monitor and control surface pressure. Two Helmholtz coils apply an oscillating magnetic field used to move the magnetic, Teflon-coated rod along its major axis at sinusoidal strains. The rod floats at the interface in a rectangular, quartz channel. The long axis of the channel is perpendicular to the trough barriers so that compression of the monolayer throughout the trough (inside and outside the channel) is uniform. The channel maintains the lateral position of the rod during the experiments and defines the velocity profile created by the rod motion. Resulting stress was calculated from a calibration constant that converted the strength of the magnetic field to the force (the rheometer was calibrated prior to deposition of every monolayer). Rod position was monitored with a chargecoupled device camera (Basler Electric Company, Highland, IL) and strain was ascertained from the images. The trough surface was heated to 358C to facilitate sample spreading. Solid meibum touched to the trough surface with a metal spatula spread spontaneously. To ensure reproducible measurements, each sample was first spread to a constant surface pressure of 2 mN/m. After spreading, the trough was cooled to 208C over a period of 1 hour before the film was compressed to the desired surface pressure. Trough surface area was held constant as the interface was slowly heated to 358C at 0.38C/min. During the heating cycle, interfacial rheology was monitored at a frequency of 1 Hz and a strain of 1.74%, which is within the linear viscoelastic region of meibum. Temperature changes in time were monitored by placing a temperature probe 1 to 2 mm below the surface behind the trough barriers.
Recent Brewster Angle Microscopy (BAM) measurements 15 showed that on deposition, meibomian lipids spread from solvent are inhomogeneous. At 15 mN/m and above, the surface pressure at which the elasticity of the film increased, and the film was homogeneous on length scales as small as the limit of BAM. These measurements reveal surface microstructures on the order of at most 100 lm, a much smaller length scale than that of the ISR gap width.
Bulk Shear Rheometry
Shear rheology of pooled bovine meibomian lipids was measured using a stress-controlled rheometer (Model AR G2; TA Instruments, New Castle, DE) with an 8-mm parallel plate and a gap size of 250 lm. Due to the small volume of an individual human-meibum sample (of the order of 0.3 lL), shear rheology of four pooled human-meibomian samples was measured with a 3-mm parallel plate and a gap size of 100 lm. Samples were loaded at 238C. Both steady shear rheology and oscillatory shear rheology were performed on every sample. For oscillatory rheological measurements, a stress sweep was first performed to obtain the linear viscoelastic region. Then the sample was heated at a constant rate of 18C per minute while oscillating the upper plate at 1 Hz and 0.1% strain, which is within the linear viscoelastic region for the sample.
SAXS
SAXS experiments were performed at the Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 1 to 4. Bovinemeibum samples were sandwiched between two Kapton windows (Kapton Source, Monrovia, CA) in a sample holder. A two-dimensional detector collected scattering intensity I(q) over 2-minute intervals for the combined sample and holder. Scattering of the empty sample holder with Kapton windows (Kapton Source) was also recorded. Transmission of the holder and sample were measured to normalize intensity and remove scattering volume dependence; an empty cell was subtracted as the parasitic scattering. Background (diffuse) scattering was removed, and a function was fit to the baseline and subtracted from the data, ensuring that the background was independent of the scattering vector, q [Å À1 ], which for ordered structures is related to length scales in real space, d [Å], by the expression:
Scattering peaks were fit with Gaussian functions to determine peak centers and widths. Scattering spectra of the samples were measured at temperature increments of 3 to 48C between 26 and 458C. Samples were heated until the peaks disappeared; therefore, not all samples were heated to 458C.
Wide-Angle X-Ray Scattering
Wide-angle x-ray scattering (WAXS) experiments were also performed at SSRL beamline 1 to 4. The technique was the same as that for SAXS. However, the distance between the sample and the detector was shorter, and, thus, diffraction maxima at larger angles were observed.
Polarized-Light Microscopy
Micrographs of bovine meibum were obtained with a polarizedlight microscope (Olympus BX51; Olympus, Tokyo, Japan) attached to a color digital camera (Olympus C-5060; Olympus). A sample from a single animal was sandwiched between a glass slide and a cover slip, placed on a temperature-controlled stage, and subjected to temperature cycling between 15 and 1508C at a rate of 28C per minute with still images (1024 3 768 pixels) captured every 30 seconds. Two polarizing filters were oriented 908 to each other: one between the light source and the sample, and one between the sample and the camera (Olympus C-5060; Olympus). Birefringence due to anisotropic crystal structures was evident in the visible bright areas of the images. To quantify birefringence intensity, images were converted to grayscale, and the average intensity, I, of all image pixels (~8 3 10 5 pixels) was calculated. We define a relative intensity, I/ I max , where I max corresponds to the average pixel intensity of the brightest image. To ascertain melting or crystallization transitions, we tracked I/I max versus temperature.
Differential Scanning Calorimetry
A TA Instruments differential scanning calorimeter (DSC) (Model DSC Q20; TA Instruments, New Castle, DE) was used to analyze phase transitions in bulk samples of bovine meibum. At temperatures in which phase transitions occur, latent heat is absorbed or released, resulting in a peak in heat inflow or outflow at that temperature. Peak location and width reveal the temperature ranges for a particular phase transition; integration of the peak gives the total latent heat released or absorbed for a given phase transition; 5-to 10-mg individual and pooled samples of bovine meibum taken from storage at À208C were hermetically sealed into aluminum TA-Tzero sample pans (TA Instruments). Carefully sealed samples were then placed in the DSC holder, and temperature was cycled between À30 and 2008C at a rate of 28C per minute for at least two complete cycles. Peak areas were quantified with the TA Analysis software (TA Instruments). We subjected 11 samples of bovine meibum to a combined 25 heating/cooling cycles.
RESULTS
Interfacial Shear Rheology
The change in bovine-meibum interfacial viscoelastic properties as the film was heated or cooled is presented in Figure 1 . G' stands for the elastic modulus while G'' stands for the viscous modulus. The SD of six measurements was 65% for both heating and cooling and is within the size of the data points. At 238C and a surface pressure of 24 mN/m, the film was quite elastic (G' > G'') with high values, near 10 mN/m. As the film was heated, the interfacial moduli decreased by almost three orders of magnitude. Between 29 and 318C, the interfacial elastic modulus dropped most rapidly; the film became primarily viscous (G'' > G') at approximately 308C. At 358C, the interfacial viscous modulus was at the sensitivity limit for the ISR (0.02 mN/m). After reaching 358C, the film was cooled back to 238C (Fig. 1b) . Over the temperature range, 35 to 318C, the film was viscous with no measureable elastic component. An interfacial elastic modulus was discernible at 318C and rose very quickly between 31 and 298C. The film became primarily elastic at 298C. Comparison between the two curves reveals a sharper transition when the film is cooled; the film becomes rigid over a very narrow temperature range. Moreover, the values of both the interfacial elastic and viscous moduli are higher at the base temperature (238C) after heating and then cooling.
Bulk Shear Rheology
The bulk viscoelastic properties obtained from oscillatory shear rheology of pooled samples are presented in Figure 2 for bovine meibum and in Figure 3 for human meibum. The elastic (G') and viscous (G'') moduli are shown as functions of temperature. Temperature sweeps from 25 to 408C and 40 to 258C were performed as presented in Figures 2a, 2b for bovine meibum and in Figures 3a, 3b for human meibum. For the bovine meibum, the major melt transition occurred between 29 and 358C. In that 68C temperature range, the viscous and elastic moduli both decreased by three orders of magnitude during heating. Despite the dramatic decrease in viscoelasticity, the fluid remains predominantly elastic (G' > G'').
Comparison of the two curves reveals that the transition during cooling is sharper than that during heating. Moreover, the temperature range in which the transition occurs, 32 to 368C, is higher in the cooling process than in the heating process, 27 to 358C. The SD of five measurements was less than 4%, too small to be shown in the figures.
The human-meibum shear rheology in Figure 3 displays the same general behavior as that for the bovine meibum. Here too, a phase transition is observed between 29 and 358C where the viscous and elastic moduli both decrease by three orders of magnitude. The maximum magnitude of the viscous and elastic moduli is lower than that of bovine meibum but within the same order of magnitude. Likewise, the SD of three measurements was 63.67%.
Additional temperature sweeps for bovine meibum were performed from 25 to 1508C and back to 258C to reveal the temperature at which the fluid becomes purely viscous (the point at which the elastic modulus cannot be detected). Results are presented in Figure 4 . They show that the fluid is mostly elastic even at very high temperatures. Only above 1408C does the fluid become more viscous than elastic. In human meibum, measurements were not performed at temperatures higher than 408C due to the small sample size and the difficulty in obtaining signal at high temperature. SD over three measurements was 61.84% to 3.14%.
The bulk viscosity of meibum as a function of shear rate at various temperatures is presented on log-log scales in Figure 5 for bovine meibum and in Figure 6 for human meibum. SD of the measured viscosities over three repeated samples was less than 5%. Bovine-meibum viscosity is very large, approximately 10 5 times more viscous than water at 358C. It decreases with shear rate even up to 1508C where the elastic modulus is undetectable. Human-meibum shear viscosity likewise decreases with increasing shear rate. Hence, human and bovine meibum are non-Newtonian even when the viscous modulus dominates the elastic modulus.
SAXS
SAXS spectra of bovine meibum were recorded for 10 individual-animal samples at five temperatures between 27 and 408C. A representative diffraction pattern is shown in Figure 7 . Several peaks are detected at different scattering vectors, q. All samples contained at least three lipid phases. Peak A, which has first-and second-order peaks at q of 0.122 6 0.002Å À1 and 0.244 6 0.003Å À1 (average 6 SD of 10 samples), corresponds to a lamellar packing of 51.24 6 0.54 A. Peak B, which has first-and second-order peaks at q of 0.062 6 0.02Å À1 and 0.124 6 0.01Å À1 , corresponds to a lamellar packing of 101.6 6 0.78Å. The fact that we observe two peaks with peak q ratios of 2:1 shows that the scattering originates from lamellar-ordered phases. Peak C at q of 0.164 6 0.025Å À1 corresponds to a packing of 40.27 6 0.51Å, and peak D at q of 0.272 6 0.015Å À1 corresponds to a packing of 23.1 6 0.46Å. Peaks A, B, and C were detected in all 10 samples. Peak D was detected in 5 of 10 samples. Phase A, corresponding to peak A, is referred to as the majority crystallite phase, since its measured intensity is the largest. The temperature dependence of each peak's maximum intensity was extrapolated linearly to zero intensity to reveal the melt temperature. The average melt temperature of the majority crystalline phase (phase A) is 37.48C (Fig. 8a) . Phase B, with longer lamellar spacing, melted at a lower temperature, 34.38C, than that of phase A (Fig. 8b) . The two other lamellar phases, C and D, melted at 36.1 and 36.38C, respectively. Because peaks C and D melt at the same temperature, we believe that they are from the same lamellar phase. In fact, the five samples in which peak D did not appear had lower intensities than the other five samples. Because the intensity of peak D is weaker than that of peak C, it is not detected when the total intensity from the sample is weak. 
WAXS
WAXS spectra were recorded for five individual-animal samples at 11 temperatures between 27 and 1458C. As illustrated in Figure 9 , two broad peaks were detected in all samples. Peak E at q of 1.52 6 0.002Å À1 corresponds to a lamellar packing of 4.13 6 0.03Å and peak F at q of 1.35 6 0.001Å À1 corresponds to a lamellar packing of 4.64 6 0.02Å. With increasing temperature, the phase represented by peak E melts into phase F, raising the intensity of peak F until peak E completely disappears at 34.34 6 0.308C. Because the melt temperatures for WAXS peak E and SAXS peak B in Figure 7 are the same, these peaks likely reflect the same material. SAXS peak B corresponds to the lamellar spacing in phase B, whereas WAXS peak E corresponds to the lateral spacing of the polar head groups in this crystalline phase. Due to crystallite melting, peak F slowly disappears between 36 and 1458C. Even at 1458C, however, traces of peak F were detected. The width of peak F was much greater than that of peak E, indicating that peak F represents a maximum intensity of the combined E and F peaks. The temperature dependence of peak E and that of E and F combined is shown in Figure 10 . . SAXS diffraction spectra of bovine meibum containing crystalline structures. Scattering at multiple temperatures between 27 and 408C is shown. Peaks representing unique phases are lettered A, B, C, and D, and the superscripts above the peak labels denote the order of the peak (firstsecond).
Polarized-Light Microscopy
Micrographs of bovine meibum viewed through cross-polarized light are composed of dark areas indicating isotropic fluid and bright areas corresponding to optically anisotropic crystal structures. Figure 11 gives an I/I max melting curve for a sample of bovine meibum, where I max corresponds to the average brightness of the image at 308C. As the temperature increases at 28C per minute from 308C, I/I max decreases because anisotropic crystallites melt. By approximately 36 to 378C, almost all birefringent crystalline material has melted; I/I max asymptotes with further increases in temperature. Samples imaged at temperatures above 378C are essentially black with almost no visible features. Upon further heating to 1508C, no changes are seen in the cross-polarized images.
Differential Scanning Calorimetry
We subjected bovine meibum to differential scanning calorimetry. Two of the meibum samples were from individual animals, and the rest consisted of pooled meibum from multiple animals. There was no qualitative difference between the two sets of samples. Figure 12 is a typical heating/cooling scanning curve. Starting at À308C, the sample is slowly heated and an endothermic peak occurs at 0 6 28C (mean 6 SD). A second broader peak appears between 20 and 358C with a maximum at 30.7 6 1.18C corresponding to melting of crystalline meibum, as seen in the SAXS spectra of Figure 7 . Near 1008C, several close endothermic peaks appear, followed by a larger one near 1258C (123.5 6 1.28C). Upon cooling from 2008C, no corresponding high-temperature exothermic peaks appear, but a freezing transition is detected between 35 and 208C with a maximum at 27.8 6 2.38C. Reheating of the sample from À30 to 2008C results only in the broad melting peak near 308C. The 08C, 1008C, and 1258C peaks all disappear after the first heating cycle.
Some meibum samples were first dried in a desiccator for 2 days at ambient temperature and then scanned as above. Results were similar to those in Figure 12 , with the notable absence of both the 08C and high-temperature peaks. Subsequently, meibum samples were hydrated in the desiccating chamber at approximately 90% relative humidity for 4 days. DSC scans demonstrate the reappearance of the peaks at 0 and 1008C, but not that at 1258C. If we divide the area under the 08C and 1008C peaks by the enthalpy of water freezing and vaporization, respectively, the corresponding amount of water in the meibum samples ranges from 1 to 4 wt%.
DISCUSSION
Extensive effort is available on the chemical composition of human meibum. 2, [5] [6] [7] [8] 10, 11, 16, 17, [21] [22] [23] [24] By comparison, surprisingly little is known about the physical structure of the TFLL and how that structure influences on-eye behavior. Most proposed structures are similar to the sketch of McCulley and Shine 23, 25 shown in Figure 13 . Here the more polar lipids orient vertically at the water/lipid interface akin to surfactants at an oil/water interface. Less-polar lipids organize into several lamellar layers with the least-polar hydrocarbons vertically oriented at the air/ lipid interface. If we assume a typical length of 2.5 nm for a lipid molecule and accept Figure 13 literally, the thickness of the lipid layer is less than approximately 10 nm. In contrast to the accumulation of detailed information on the chemical composition of human meibum, the basic lamellar structure suggested by Figure 13 remains 8, 26 (see, for example, Fig. 1 of the Meibomian Gland Dysfunction report 8 ). The one change in structure now made explicit is that proteins adsorb at the lipid/ water interface and possibly intercalate into the remaining lipid layers (see Refs. 2, 8, and 27 and Millar TJ and Mudgil P. IOVS 2005;46:ARVO E-Abstract 4418). A recently proposed TFLL architecture better illustrates the duplex-film thickness of the film, but does not address the physical structure of the lipids within that film. 28 Our proposed picture of the human TFLL contrasts strongly 28 and also with that of McCulley and Shine 23, 25 (Fig. 13 ). Early evidence of the lipid-layer thickness cited interference color patterns observed under white light, [29] [30] [31] [32] [33] [34] [35] which demands thicknesses near 100 nm. The more in-depth studies of King-Smith et al. 36 using in situ interferometry, suggest lipidlayer thicknesses between 20 and 160 nm. Even at the smallest cited thickness of 20 nm, the lipid layer is not well represented by a monolayer, but rather by 6 to 10 multilayers. At this thickness, the TFLL is best viewed as a duplex film (i.e., an oily layer that is thick enough to exhibit bulk properties with two distinct interfaces). 37, 38 In this scenario, also suggested by Holly, 39,40 the tear-film lipid layer consists of two separate interfaces: air/lipid and water/lipid separated by bulk liquid. A stack of vertically oriented lamellae extending across the entire film is an unlikely bulk structure, as it demands an almost a rigid solid (Bron AJ, et al. IOVS 2011;52:ARVO E-Abstract 3854). Also, a lamellar-stack structure disagrees with the discrete melting behavior found in our rheologic, scattering, and DSC experiments. As with most duplex films spread at the air/water interface, breakup into nonuniform regions is likely for the thinner lipid layers, as has been observed both in vitro and in vivo for tear-film lipid layers. 41, 42 Lipid-layer breakup, however, is not anticipated in the thicker regions of the rising lipid curtain during initial spreading.
To provide a more complete description of the TFLL, we explored interfacial and bulk rheological and scattering properties of meibum. Because of sample availability, we focused primarily, although not exclusively, on bovine meibum. In addition to compositional similarity with human meibum, 16 our experiments show that bovine meibum is both rheologically and structurally similar to human meibum. 14 To within minimal differences, bovine meibum is a useful physical model for human meibum.
Surprisingly few studies are available on the bulk rheology of human meibum. The previous effort of Tiffany and Dart 12 was semiquantitative and did not examine the roles of shear rate or temperature. More recently, Yokoi et al. 43 analyzed the rise kinetics of the human lipid layer after a blink. Based on a simplified analysis, they concluded that the TFLL is elastic and that it drags the underlying viscous tear film upward as it spreads. Thus, the entire tear film (i.e., tear film plus lipid layer) behaves as if viscoelastic. In our study, the bulk and interfacial rheology are examined over a range of temperatures, oscillatory frequencies, and shear rates. We find that bulk meibum is both viscous and elastic. At 358C, the shear viscosity of bovine and human meibum is approximately 10 5 larger than that of water. Likewise, bulk meibum is strongly shear thinning even at temperatures up to 1508C. The large viscosity and dramatic shear thinning indicate that bulk meibum is structured and inhomogeneous.
Bovine and human meibum are also highly elastic with elastic moduli even larger than their viscous moduli. The viscous and elastic moduli of bovine and human meibum are approximately 10 2 to 10 3 Pa at 358C at 1 Hz. In comparison, typical soft contact lens materials have moduli approximately 10 6 Pa. 44 Oscillatory rheology shows that meibum remains primarily elastic until 1408C. This observation is further confirmation of fluid structure even at high temperature. Both steady and oscillatory shear rheology demonstrate a dramatic decline in both meibum viscosity and storage and loss of moduli between 30 and 368C, suggesting the presence and subsequent melting of crystalline material over that temperature range.
Interfacial rheological properties of the bovine-and humanmeibomian lipids also show that meibum is viscoelastic at room temperature. Similar to bulk meibum, the interfacial elastic modulus below 308C is larger than the interfacial viscous modulus. The observed enhancement of the elastic and viscous moduli at 238C after heating and cooling corresponds with the observation by Mudgil and Millar, 45 who reported that cooling enhances the surfactant properties of meibomian lipids. Again, similar to bulk meibum, there is a melting transition near 308C at which both interfacial moduli diminish dramatically. Thus, bulk and interfacial rheology indicate that meibum is viscoelastic and that at ambient temperature, crystalline material is present that partially melts near eye temperature. Surprisingly, the fully melted material above 408C remains viscoelastic even to high temperature.
X-ray scattering from human and bovine meibum is consonant with the rheological characterization. SAXS spectra demonstrate the presence of lamellar crystalline structures in bulk meibum. One crystal population melts by 348C, two more by 368C, and the majority crystalline phase by 378C. At bovine ocular-surface temperature 46 of approximately 34 to 388C, as many as three crystal populations are present. SAXS diffraction of bovine meibum differs only slightly from that of humans. 14 Grazing-incidence x-ray diffraction measurements of human meibum by Leiske et al. 47 show the presence of crystalline lamellar regions of lipid even in films only several molecular layers thick spread over water. Based on the similarity between the bulk structure of bovine and human meibum as demonstrated by SAXS and WAXS, we expect multimolecular films of bovine meibum to be structured as well. It is apparent that meibum is structured from a thick bulk-oil film down to films of several molecular layers in thickness.
In addition to the lamellar crystals identified in SAXS as melting by 378C, scattering at wide angles (WAXS) demonstrates a broad peak that persists up to 1458C. The broad nature of this peak indicates that although lipid molecules are ordered, the spacing of that ordering is not conserved and there is a distribution of spacings. Such a distribution suggests that the lipids are in a bulk disordered phase.
Micrographs recorded from the polarized-light microscope (Olympus BX51; Olympus) indicate that the crystalline material in bovine meibum is anisotropic as it causes birefringence. The birefringence disappears when samples are heated past 378C, the same temperature at which the SAXS shows disappearance of the last crystalline material. Thus, all structural evidence obtained in this work agrees that the crystalline material is lamellar in structure. The absence of birefringence above 378C is consistent with the WAXS spectra indicating a disordered fluid phase.
Thermal analysis of bovine meibum with DSC corroborates the results of SAXS, WAXS, rheology, and light microscopy confirming phase transitions and their reversibility over the temperature range of 20 to 358C. The transition region corresponds to the melting/crystallization of the three ordered lamellar phases identified by x-ray scattering. The two thermal peaks detected at 0 and 1008C, their disappearance on heating to 2008C or on desiccation, and their reappearance on watervapor saturation strongly links them to absorbed water that melts and then evaporates during heating. The significant amount of water detected rejects possible sample contamination or adsorbed surface water. Because unstirred meibum reversibly absorbs and desorbs water when in contact with humidified air, dispersed droplets are unlikely. More likely, molecular domains of water may be present in the TFLL, but further research is needed to determine the state of water within the TFLL. The complete loss of meibum elasticity observed at 1408C (see Fig. 4a ), is not detected in the DSC experiments, suggesting that it is not due to a first-order phase transition. The thermal peak at 1258C, which does not reappear after heating or on water-vapor saturation, apparently belongs to an unidentified, relatively low-molecular-weight organic compound.
In Figure 14 , we propose an alternative schematic of the TFLL based on the experimental structural information gained here. The picture emerging from our study, and illustrated in Figure 14 , is that of a viscoelastic, shear-thinning duplex fluid film covering the aqueous tear film that is thick enough to consist of two distinct interfaces: lipid/water and lipid/air separated by intervening bulk liquid. In addition to a plethora of lipid chemical molecules present, the TFLL also apparently contains protein 9,10 and water (not shown in Fig. 14) . At physiologic temperature, 34 to 358C, the bulk liquid is a suspension of lamellar crystallites (gray shading in Fig. 14) in a continuous fluid (orange shading in Fig. 14) and is highly viscoelastic and shear-thinning. The presence of lamellar crystals in both bulk samples and thin films of meibum 14, 47 confirm that they are also present in the in vivo tear film. Asymmetric lamellar crystals added to oil mixtures in cosmetics and food emulsions are well known to impart structure reflected in material texture. [48] [49] [50] In fact, many of the lipids chemically identified in meibum, including polar lipids, wax esters, triglycerides, and fatty acids are known oil structurants. 50 The lamellar solids in meibum are minority components, yet they impart strong viscoelasticity. This result suggests that they are randomly oriented and highly asymmetric (e.g., needlelike). We have no evidence to support the picture in Figure 13 of the lipid layer as an ordered, stacked array of lamellar layers.
The solid lamellar particles (shown gray in Fig. 14) are dispersed in a continuous liquid phase (seen as orange in Fig.  14) that exhibits short-range order at physiologic temperature, but is overall disordered. We do not have definite evidence for the detailed molecular structure of the suspending, continuous liquid phase. However, above 378C where all crystallites melt, this fluid is viscoelastic and non-Newtonian, although less so than with the crystalline particulates present. The different lamellar crystallites presented in Figure 14 refer to the lamellar phases found in bovine meibum. However, due to the similarity between the bulk structure of bovine and human meibum, the proposed model can describe the human TFLL with slight changes in the spacing of the lamellae.
Because hydrocarbons are not surface active at an oil/air interface, no significant segregation in either composition or molecular orientation is expected at the lipid/air interface of the tear-film lipid layer. Conversely, amphiphilic surfactantlike molecules, such as phospholipids, fatty acids, or omegahydroxy acyl fatty acids, are expected to concentrate and orient at the water/lipid interface of the TFLL. Within a few layers, the molecular-orienting effect of the lipid/water interface is lost. As indicated in Figure 14 , aqueous protein can also competitively adsorb at this interface and slowly unravel and irreversibly attach. [51] [52] [53] [54] observed in the chemical makeup of human meibum 9,10 might arise as detritus from the holocrine cells that produce meibum. However, protein within expelled meibum is likely to be partially denatured and not enzymatically active. 8 The unique temperature dependence of the interfacial and bulk rheological properties of meibum is important to on-eye behavior. In a healthy eye, a smaller viscosity at body temperature facilitates expression from the glands and spreading of fresh lipid onto the tear-film surface. The TFLL is likely composed of both thick regions (~100 nm) and thinner regions away from the spreading front, possibly down to several monolayers. Thus, both bulk and interfacial rheology are pertinent. During spreading over the aqueous tear film, lipids cool and their bulk and interfacial elasticity increase. Increased elasticity may enhance the stability of the tear film protecting against rupture (i.e., formation of black spots). In the thinner regions of the lipid layer, dewetting of the lipid film may occur, resulting in lipid lenses interspersed in a monolayer or several-layer-thick oily film at the air/tear interface. 41, 42 Lipid-layer breakup is detrimental because tear evaporation through the resulting thin monolayer regions is likely enhanced compared with that through the thicker regions of the lipid film. Cooling of the spreading lipid layer greatly increases its viscoelasticity, protecting against lipid-layer dewetting.
There is, thus, a delicate balance between lipid fluidity and structure necessary to enable uniform spreading over the tear film and also to resist dewetting of both the tear film and lipid layer itself. Accordingly, small changes in meibum melt temperature could detrimentally influence both lipid secretion and lipid-layer performance, raising important questions about the connection between meibum chemical composition and lipid-layer mechanical behavior on eye, especially for dry-eye and meibomian-gland disease (MGD) subjects. Our proposed lipid-layer structure in Figure 14 provides a new paradigm for understanding the human TFLL, but one that requires additional experimental verification and amplification.
